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Dickkopf 1 Promotes Regression of Hair Follicles
Mi H. Kwack1, Moon K. Kim1, Jung C. Kim1 and Young K. Sung1
Recently, we suggested that Dickkopf 1 (DKK-1) is a pathogenic mediator involved in male pattern baldness. As
premature catagen onset is a key characteristic of male pattern baldness, in this study, we evaluated whether
DKK-1 has a role as a catagen inducer in hair cycling. Herein, we report that recombinant human DKK-1 (rhDKK-1)
injection into the hypodermis of mice during anagen caused premature onset of catagen, whereas neutralizing
DKK-1 antibody delayed anagen-to-catagen transition in mice. Moreover, treatment with rhDKK-1 led to a
decrease in final hair follicle length, whereas DKK-1 antibody led to an increase compared with control animals.
In addition, DKK-1 and DKK-1 messenger RNA expression is most upregulated in follicular keratinocytes of late
anagen in depilation-induced hair cycle progression. Moreover, we observed that rhDKK-1 blocks canonical
Wnt-mediated activation of b-catenin signaling and induces the proapoptotic protein Bax, resulting in apoptosis
in outer root sheath keratinocytes. Taken together, our data strongly suggest that DKK-1 is involved in anagen-
to-catagen transition in the hair cycle by regulating the activity of follicular keratinocytes.
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INTRODUCTION
The hair follicle (HF) contains epithelial cells of outer root
sheaths (ORSs), matrix, and its derivatives—inner root sheath
and hair shaft. It also contains dermal papilla and dermal
sheath cells derived from the mesenchyme (reviewed by
Hardy, 1992; Millar, 2002). Reciprocal interactions between
the epithelium and mesenchyme are essential for post-
natal hair growth and cycling of HFs (reviewed by Hardy,
1992; Millar, 2002; Botchkarev and Kishimoto, 2003). The
postnatal HF undergoes a cycle of growth (anagen), regression
(catagen), and rest (telogen) (reviewed by Stenn and Paus,
2001; Botchkarev and Kishimoto, 2003; Alonso and Fuchs,
2006).
A key feature of male pattern baldness is progressive
reduction in anagen. In other words, HFs undergo premature
transition from anagen-to-catagen induced by androgens
(reviewed by Jahoda, 1998; Kaufman, 2002), resulting in
shorter hairs. The anagen-to-catagen transition is known to be
driven by factors such as transforming growth factor (TGF)-b1
and TGF-b2, and characterized by apoptotic cell death in
hair bulb epithelial cells, including ORS cells (Paus et al.,
1997; Foitzik et al., 2000; Soma et al., 2002, 2003; Tsuji
et al., 2003). Indeed, TGF-b1 and TGF-b2 are androgen
inducible and suppress epithelial cell growth, suggesting that
TGF-b is a paracrine mediator from dermal papilla involved
in male pattern baldness (Inui et al., 2002, 2003; Hibino and
Nishiyama, 2004; Inui and Itami, 2011).
Recently, we reported that Dickkopf 1 (DKK-1) is induc-
ible by dihydrotestosterone (DHT) from balding dermal
papilla cells, and the DKK-1 level is high in the bald scalp
compared with the haired scalp of patients with male pattern
baldness (Kwack et al., 2008), suggesting that DKK-1 is also
involved in DHT-driven balding. Andl et al. (2002) reported
that mice expressing high levels of DKK-1 in the skin display
an early and complete block in the development of HFs,
suggesting a hair growth inhibitory role of DKK-1. In addition,
Wnt10b was reported to promote hair-shaft growth via a
Wnt/b-catenin signaling (canonical Wnt signaling) pathway,
suggesting that this pathway is also involved in maintaining
the anagen phase (Ouji et al., 2007, 2008; Li et al., 2011).
These findings prompted us to investigate whether DKK-1,
which encodes a potent diffusible inhibitor of the Wnt/
b-catenin signaling pathway (Bafico et al., 2001), is involved
in anagen-to-catagen transition in hair cycling.
In this study, we report that recombinant human DKK-1
(rhDKK-1) injection into the hypodermis of mice during anagen
caused premature onset of catagen, whereas the neutralizing
anti-DKK-1 antibody delayed catagen progression in mice.
In addition, we examined expression of DKK-1 in hair cycle
progression. We also investigated the effects of rhDKK-1
on Wnt-mediated activation of b-catenin signaling and on
apoptosis in ORS keratinocytes.
RESULTS
rhDKK-1 promotes catagen progression in mice
To elucidate possible roles of DKK-1 in postnatal hair cycling,
we conducted an in vivo study both in natural and depilation
hair cycle models. For the natural hair cycle model, a dorsal
area of 4-week-old female C57BL/6 mice in the anagen stage
of the hair cycle was shaved, and 50 ml of either 50 ng
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heat-inactivated rhDKK-1 or 50 ng rhDKK-1 was injected
once a day for 3 days (Figure 1a). The HFs of the rhDKK-1-
injected skin showed catagen, in marked contrast to anagen
seen in the heat-inactivated rhDKK-1-injected skin (Figure
1b). Next, we used the depilation hair cycle model to further
confirm the above result. From the twelfth day of depilation,
50 ml of either 50 ng heat-inactivated rhDKK-1 or 50 ng
rhDKK-1 was injected once a day for 3 days (Figure 1c).
Similar to the data obtained from the natural hair cycle
model, HFs of rhDKK-1-injected skin entered catagen,
whereas HFs from heat-inactivated rhDKK-1-treated skin
remained in anagen (Figure 1d).
Anti-DKK-1-neutralizing antibody delays catagen
progression in mice
We also tested the effect of neutralizing DKK-1 antibody on
hair cycling using both natural and depilation hair cycle
models. First, the dorsal skin of 5-week-old female C57BL/6
mice in the anagen stage of the hair cycle was shaved, and
50 ml of either 5 mg normal goat IgG (control) or 5mg anti-
DKK-1 antibody was injected once a day for 3 days (Figure
2a). Histological analysis showed that HFs from control-
treated skin entered catagen, whereas HFs from anti-DKK-1
antibody–treated skin remained in anagen (Figure 2b). Next,
we also used the depilation hair cycle model to further confirm
the above result. From the fourteenth day of depilation, 50ml
of either 5mg normal goat IgG (control) or 5mg anti-DKK-1
antibody was injected once a day for 3 days (Figure 2c). Similar
to the above data, HFs of DKK-1-neutralizing antibody–injected
skin still showed anagen appearance, in contrast to catagen
follicles seen in control-treated skin (Figure 2d).
Comparison of hair cycle score (HCS) and final HF length between
the controls and rhDKK-1 or anti-DKK-1 antibody–treated mice
We next calculated the HCS. Anagen VI HFs were arbitrarily
attributed a score of 100, HFs in early catagen a score of 200,
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Figure 1. Hair cycle regulation by Dickkopf 1 (DKK-1). (a) Schema of the experiment. (b) The back skin of C57BL/6 mice (n¼12) was injected with either
50 ng heat-inactivated recombinant human DKK-1 (rhDKK-1) as a control (left) or 50 ng rhDKK-1 (right) for 3 days, and representative histology obtained
on day 4 is shown. (c) Time scale for the hair cycle after depilation, and schema of the experiment. (d) The back skin of C57BL/6 mice (n¼ 10) was injected as
described above for 3 days, and representative histology obtained on day 4 is shown. Bar¼ 0.1mm.
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Figure 2. Hair cycle regulation by neutralizing antibody against Dickkopf 1 (DKK-1). (a) Schema of the experiment. (b) The back skin of C57BL/6 mice
(n¼12) was injected with either 5 mg preimmune goat IgG as a control (left) or 5 mg anti-DKK-1 antibody (right) for 3 days, and representative histology obtained
on day 4 is shown. (c) Time scale for the hair cycle after depilation, and schema of the experiment. (d) The back skin of C57BL/6 mice (n¼ 10) was
injected as described above for 3 days, and representative histology obtained on day 4 is shown. Bar¼0.1mm. Ab, antibody.
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and in mid and late catagen a score of 300. The HCS was
significantly higher in the rhDKK-1-treated group compared
with the control group (Figure 3a), whereas the HCS was
significantly lower in the DKK-1 antibody–treated group
compared with the control group (Figure 3b). Consistent with
this, DKK-1 treatment led to a significant decrease in final
HF length (Figure 3c), whereas treatment of DKK-1 antibody
led to a significant increase in HF length compared with
corresponding controls (Figure 3d) in both natural and
depilation models. As C57BL/6 mice hair cycles can often
be distinguished grossly, we have taken gross pictures after
injection of rhDKK-1. We found that the areas of catagen
induced by rhDKK-1 injections are distinguished grossly
(Figure 3e). Altogether, these results further corroborate the
role of DKK-1 in hair cycle regression.
DKK-1 is highly expressed in late anagen
We next assessed the expression pattern of DKK-1 in hair
cycling by immunohistochemical staining (Figure 4a) during
a time course of depilation-induced hair cycle progression.
DKK-1 was barely detectable in telogen (day 0) and early and
middle anagen (day 6 and day 8). However, DKK-1 was
strongly expressed in the follicular keratinocytes of late
anagen HFs (day 13). DKK-1 expression was then decreased
during catagen (day 17) and disappeared in telogen (day 21).
A similar pattern of DKK-1 mRNA expression, with highest
expression in late anagen, was observed in the back skin of a
depilation-induced mouse as examined by both traditional
reverse transcriptase–PCR and real-time PCR analysis (Figure
4b and c). These data further support the involvement of
DKK-1 in anagen-to-catagen transition.
rhDKK-1 blocks Wnt-mediated activation of b-catenin
signaling and induces Bax in ORS keratinocytes
As DKK-1 is a potent antagonist of the Wnt/b-catenin
signaling pathway, we investigated whether rhDKK-1 blocks
activation of this pathway in human follicular keratinocytes.
ORS keratinocytes used in this study strongly expressed SOX9
(Figure 5), a known marker of ORS (Krahl and Sellheyer,
2010; Shi et al., 2011), as examined by immunocytochemical
staining. Cells were transiently transfected with either the b-
catenin-responsive T-cell factor reporter plasmid (pTopflash)
or corresponding negative control reporter plasmid (pFop-
flash) to assess the activity of b-catenin signaling. Recombi-
nant mouse Wnt3a significantly stimulated the transcriptional
activity of pTopflash but not pFopflash. Compared with the
control, Topflash activity increased 5.11-fold after 6-hour
treatment with recombinant mouse Wnt3a. rhDKK-1 sig-
nificantly attenuated Wnt3a-mediated Topflash activity
(Figure 5e). We also found that although rhDKK-1 treatment
hardly changed anti-apoptotic protein Bcl-2 expression,
rhDKK-1 increased the proapoptotic protein Bax in a dose-
dependent manner (Figure 5f). In agreement with this, we
found that rhDKK-1 treatment promotes apoptosis of ORS
keratinocytes as examined by cell death ELISA, which
measures DNA fragments associated with histones that are
released into the cytoplasm of cells that die from apoptosis
(Figure 5g).
DISCUSSION
In this study, we observed that rhDKK-1 promotes catagen
progression, whereas neutralizing anti-DKK-1 antibody de-
lays catagen progression, thereby prolonging anagen. In line
with this, we found that DKK-1 treatment leads to a decrease
in HF length, whereas DKK-1 antibody leads to an increase in
HF length. As early catagen onset by progressive reduction in
anagen under the influence of androgen is a key feature of
male pattern baldness (reviewed by Jahoda, 1998; Kaufman,
2002; Inui and Itami, 2011), our findings in this study,
together with the fact that DHT induces DKK-1 (Kwack et al.,
2008), further support the idea that DHT-induced DKK-1 is
involved in DHT-driven balding.
We also observed that rhDKK-1 treatment induces pro-
apoptotic protein Bax and increases the release of DNA–his-
tone complex into the cytoplasm. This result is consistent
with our previous finding of increment of TUNEL-positive
cells undergoing apoptosis when ORS keratinocytes are
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Figure 3. Calculation of hair cycle scores (HCSs) and measurement of hair
follicle (HF) length. (a, b) Calculation of HCSs. Fifty HFs identified on sections
were graded for each mouse, and 10 and 12 mice were used for each group
for depilation model and shaving model, respectively. Therefore, a total of
500 and 600 HFs were counted for each group for depilation model and
shaving model, respectively (*Po0.05). (c, d) Measurement of HF length from
the bottom of hair bulbs to the pore in the epidermis. Fifty HFs on six
representative sections were measured for each mouse, and 10 and 12 mice
were used for each group for depilation model and shaving model,
respectively (*Po0.005). (e) A representative gross picture of C57BL/6 after
DKK-1 injection in natural model. The back skins of C57BL/6 mice were
injected with either 50 ng heat-inactivated recombinant human DKK-1
(rhDKK-1) as a control (left) or 50 ng rhDKK-1 (right) for 3 days, and then gross
pictures were taken after 48 hours. Arrows indicate injection sites. Ab,
antibody.
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treated with rhDKK-1 (Kwack et al., 2008). These data are
also in agreement with previous reports that indicate that
DKK-1 induces apoptosis by increasing the Bax/Bcl2 expres-
sion ratio (Shou et al., 2002; Weng et al., 2009). The
apoptosis-inducing effect of DKK-1 in this study is also in line
with apoptotic cell death in hair bulb epithelial cells including
ORS cells during anagen-to-catagen transition (Foitzik et al.,
2000; Soma et al., 2002) when DKK-1 expression is highest.
In this sense, we suggest that the induction of apoptosis in
follicular keratinocytes by DKK-1 at least partly contributes to
catagen promotion.
Wnt/b-catenin signaling causes accumulation of cytosolic
b-catenin, which then translocates to the nucleus and acts as
a co-activator of T-cell factor proteins to express downstream
target genes. DKK-1 encodes a potent and specific endoge-
nously secreted Wnt antagonist (Bafico et al., 2001) that binds
and inhibits low-density lipoprotein receptor–related protein
co-receptors required for Wnt/b-catenin signaling. Recent
studies suggested that Wnt/b-catenin signaling has a role
in maintaining anagen. Reddy et al. (2001, 2004) reported
expression of Wnt and its receptor Frizzled genes during
anagen. Ouji et al. (2007, 2008) reported that Wnt10b, a
canonical Wnt, promotes hair-shaft growth in HF cultures.
Li et al. (2011) very recently reported that Wnt10b promotes
hair-follicle growth via a canonical Wnt signaling pathway to
promote the proliferation of hair matrix cells. They also found
that Wnt10b expression is stronger in anagen than in catagen
and telogen, and most of the canonical signaling molecules
such as Lef1 were expressed more strongly in anagen and
catagen than in telogen (Li et al., 2011). In this sense, we
claim that catagen promotion by DKK-1 is also partly due to
a block in canonical Wnt/b-catenin signaling in follicular
keratinocytes. In support of this, we indeed found that
rhDKK-1 blocks canonical Wnt-mediated stimulation of
b-catenin signaling in ORS keratinocytes as examined by
the Topflash reporter assay.
Andl et al. (2002) reported inhibition of HF morphogenesis
in transgenic mice that ectopically express DKK-1 under the
control of the keratin 14 promoter. Our finding of hair growth
inhibitory action for DKK-1 is in line with their finding and
may extend the understanding of how DKK-1 inhibits HF
morphogenesis. However, our finding is focused on the role
of DKK-1 in hair cycling. For this purpose, we further
elucidated the expression of DKK-1 during hair cycles and
found that it is highly expressed during anagen-to-catagen
transition. In summary, we have provided evidence, which to
our knowledge is previously unreported, that DKK-1 pro-
motes catagen progression. Our data also suggest that DKK-1
promotes regression of HFs by blocking Wnt/b-catenin
signaling, as well as inducing apoptosis in follicular kera-
tinocytes (Figure 6). Our finding of DKK-1 involvement in
hair cycling will provide a rationale for new treatment
strategies for alopecia, including male pattern baldness.
MATERIALS AND METHODS
In vivo study
For the natural hair cycle model, a dorsal area of 4- or 5-week-old
female C57BL/6 mice in the anagen stage of the hair cycle (Mu¨ller-
Ro¨ver et al., 2001) was shaved with clippers. Four-week-old mice
were injected subcutaneously with either control (heat-inactivated
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Figure 4. Expression of Dickkopf 1 (DKK-1). (a) Immunostaining of DKK-1 in mouse hair follicles at defined stages of the depilation-induced hair cycle.
Bar¼0.1mm. (b) Total RNA was isolated from skin of different hair cycle stages and analyzed by traditional reverse transcriptase (RT)–PCR. (c) The relative level
of DKK-1 mRNA was also quantitated by real-time PCR analysis. Error bars indicate SD of duplicate experiments.
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rhDKK-1) or 50 ng rhDKK-1 (R&D Systems, Minneapolis, CA) once
daily for 3 days as shown in Figure 1a. Five-week-old mice were
injected subcutaneously with either control (normal goat IgG) or 5mg
anti-DKK-1 antibody (R&D Systems) once daily for 3 days as shown
in Figure 2a. Thereafter, mice (n¼ 12) were killed, and the treated
regions of dorsal skin were stained with hematoxylin and eosin. For
the depilation hair cycle model, a dorsal area of 8-week-old female
C57BL/6 mice in the telogen stage of the hair cycle was depilated
with wax. From the twelfth day of depilation, each mouse was
injected subcutaneously with either heat-inactivated rhDKK-1 or
50 ng rhDKK-1 once daily for 3 days as shown in Figure 1c. In
another group, from the fourteenth day of depilation, each mouse
was injected subcutaneously with either normal goat IgG or 5mg
anti-DKK-1 antibody once daily for 3 days as shown in Figure 2c.
The mice (n¼ 10) were killed and stained with hematoxylin and
eosin. As the mouse back hair cycle is slightly heterogeneous with
regard to anterior-to-posterior position during transition points,
special attention has been paid not to inject reagents at different
positions along the back. In addition, skin samples were sampled
from the same matched positions along the back between the
experimental groups.
Hair cycle staging and measurement of HF length
A total of 50 HFs per mouse were counted for the calculation of
HCSs and for the measurement of HF length. Anagen VI HFs were
arbitrarily attributed a score of 100, HFs in early catagen (catagen
IBcatagen III) a score of 200, and in mid and late catagen (catagen
IVBcatagen VIII) a score of 300. Fifty HFs identified on six
representative sections were graded for each mouse, and 10 and
12 mice were used for each group for depilation model and shaving
model, respectively. The length of HFs was measured as the distance
from the bottom of hair bulbs to the pore in the epidermis from the
sections. As shown in Figures 1a and 2a, in natural model, skins
were collected at day 37 and day 40 after birth in DKK-1 injection
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Figure 5. Effects of Dickkopf 1 (DKK-1) on b-catenin activity and apoptosis of outer root sheath (ORS) keratinocytes. Human scalp hair follicles and
cultured ORS keratinocytes were immunostained with isotype-matched normal rabbit IgG as negative controls (a, c) and antibodies against Sox9 (b, d).
Bar¼0.1mm. (e) ORS keratinocytes were transfected with either pTopflash or pFopflash plasmids and treated with recombinant mouse Wnt3a (rmWnt3a)
and recombinant human DKK-1 (rhDKK-1) for 6 hours. Data are expressed as means±SD of two determinations per experiment from three independent
experiments using three different ORS keratinocyte lines (*Po0.005). (f) Cells were treated with varying concentrations of rhDKK-1 for 24 hours, and total cell
lysates were probed with anti-Bax and anti-Bcl2 antibodies. Actin expression was measured to check the quantity and integrity of the protein samples.
(g) Cells were treated with rhDKK-1 for 24 hours, and cell death ELISA was used. Data are expressed as means±SD of two determinations per experiment
from three independent experiments using three different ORS keratinocyte lines (*Po0.05).
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Figure 6. Proposed model based on this study. Dickkopf 1 (DKK-1) promotes
catagen progression by suppressing Wnt/b-catenin signaling, as well as
inducing apoptosis in follicular keratinocytes.
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experiments and DKK-1 antibody injection experiments, respec-
tively. Moreover, as shown in Figures 1c and 2c, in depilation
model, skins were collected at 15 days and 17 days after depilation
in DKK-1 injection experiments and DKK-1 antibody injection
experiments, respectively. We believe that the difference of ‘‘control’’
hair lengths on Figure 3c versus Figure 3d is attributed to different
days of skin collection between the experiments.
Immunohistochemical staining of DKK-1
Eight-week-old female C57BL/6 mice in the telogen stage of the hair
cycle were purchased from Orient Bio INC (Seongnam, Korea).
Active hair growth (anagen) was induced in back skin by depilation
as previously described (Mu¨ller-Ro¨ver et al., 2001). Skin samples
were harvested at distinct hair cycle stages (day 0, 6, 8, 13, 17, and
21 after depilation) and placed in cryomolds using embedding
medium (OCT compound, Tissue-Tek) in an 80 1C freezer. The
tissue block was cut in sections using a cryostat (Leica CM3050 S,
Wetzlar, Germany), and sections were air-dried for 15 minutes, fixed
with 4% paraformaldehyde for 10 minutes, and treated with 3%
hydrogen peroxide for 30 minutes at room temperature. After
blocking with 4% normal donkey serum, sections were incubated
with goat anti-DKK-1 antibody (1:50; Santa Cruz, Delaware, CA) at
4 1C overnight, washed three times with phosphate-buffered saline,
and incubated with donkey anti-goat horseradish peroxidase–conju-
gated antibody (1:50; Amersham, Buckinghamshire, UK). 3-Amino-
9-ethylcarbazole (DAKO, Glostrup, Denmark) was used as a color-
developing reagent for horseradish peroxidase. The slides were
counterstained with hematoxylin for 10 minutes.
Culture of ORS keratinocytes
Non-balding scalp specimens were obtained from patients under-
going hair transplantation surgery. The Medical Ethical Committee of
the Kyungpook National University Hospital (Daegu, Korea) approved
all of the described studies. The study was conducted according to
the Declaration of Helsinki Principles. Informed written consent was
obtained from the patients. The HFs were isolated and ORS cells
were cultured as described before (Kwack et al., 2008). Briefly, the
hair shaft and hair bulb regions of the HF were cut off to prevent
contamination with other cells. Trimmed HFs were immersed in DMEM
supplemented with 20% fetal bovine serum. On the third day of culture,
the medium was changed to keratinocyte growth medium (Gibco BRL,
Gaithersburg, MD) containing penicillin, streptomycin, and fungizone.
After subculture, cells were maintained in keratinocyte growth medium
and cells from the second passage were used in this study.
Immunostaining of SOX9
ORS cells were seeded in an eight-chamber slide (Nunc Lab-Tek,
Roskilde, Denmark) for 24 hours. Fixation and blocking procedures
were performed as described above, and cells were incubated with
rabbit polyclonal SOX9 antibody (1:100 dilution; abCam, Cam-
bridge, UK) at 4 1C overnight, washed three times with phosphate-
buffered saline, and incubated with donkey anti-rabbit horseradish
peroxidase–conjugated antibody (1:50; Amersham). Cells were
washed with phosphate-buffered saline and counterstained with
hematoxylin for 10 minutes. HF specimens were immunostained as
described before (Kwack et al., 2012) with isotype-matched normal
rabbit IgG (R&D Systems) and Sox9 antibody as a negative control
and a positive control, respectively.
Traditional reverse transcriptase–PCR and real-time PCR
analysis
Total RNA was isolated from skin samples at distinct hair cycle
stages (day 0, 6, 8, 13, 17, and 21 after depilation) by using the
TRIzol reagent (Invitrogen, Carlsbad, CA), according to the manu-
facturer’s protocol. Complementary DNAwas synthesized as described
previously (Kwack et al., 2008). Complementary DNA (1ml) was
amplified with each of the forward and reverse primers. For the
detection of DKK-1, 25 cycles (45 seconds at 94 1C, 45 seconds at
59 1C, and 45 seconds at 72 1C) of amplification were performed
with forward primer 50-GGTGCACACCTGACCTTCTT-30 and reverse
primer 50-GAGGGGAAATTGAGGAAAGC-30. For the detection of
glyceraldehyde-3-phosphate dehydrogenase, 23 cycles (45 seconds
at 94 1C, 45 seconds at 58 1C, and 45 seconds at 72 1C) of ampli-
fication were performed with 50-AACTTTGGCATTGTGGAAGG-30
and 50-ACACATTGGGGGTAGGAACA-30. PCR products were se-
parated by electrophoresis on a 1% agarose gel and visualized under
UV light. The real-time PCR was performed using Step one Plus real
time PCR Assay (Applied Biosystems, Foster City, CA). All reactions
were carried out using Power SYBR Green premix (Applied
Biosystems), using 10 ng complementary DNA and 10mM primers.
PCR primers were designed with the Primer express 3.0 software
(Applied Biosystems). For the amplification of DKK-1, forward
primer 50-ACCAAGCACAAACGGAAAGG-30 and reverse primer
50-CGCAGTAACAGCGCTGGAAT-30 was used. For the amplification
of glyceraldehyde-3-phosphate dehydrogenase, the primers used in
traditional reverse transcriptase–PCR were used. Amplification was
performed under the following cycling conditions: 95 1C for 10
minutes, followed by 40 cycles of 95 1C for 15 seconds and 60 1C for
60 seconds. Differences between samples and controls were calcu-
lated using the Step one Plus real-time PCR analysis software
(Applied Biosystems).
Reporter assay
ORS keratinocytes (1.5. 105 cells per well) were transfected with
450 ng of either pTopflash (Addgene, Cambridge, MA), carrying the
T-cell factor–binding consensus followed by the luciferase gene, or
pFopflash, carrying the dominant-negative T-cell factor–binding
sequence, and 50ng of renilla luciferase cytomegalovirus (a Renilla
luciferase vector, Promega, Madison, WI) as an internal control using
Microporator (Digital Bio, Seoul, Korea). Twenty-four hours after
transfection, the cells were treated with rmWnt 3a (R&D Systems)
and rhDKK-1 for 6 hours. The luciferase assay was performed using
the dual luciferase assay reporter kit according to the manufacturer’s
instructions (Promega, Madison, WI).
Immunoblotting
Total cell lysates (3 mg per lane) were separated by 10% SDS-PAGE
and then transferred to nitrocellulose membranes. The membrane
was blocked with 5% milk in phosphate-buffered saline for 1 hour
and then probed with rabbit polyclonal antibody against Bcl2
(1:1,000 dilution; Chemicon, Temecula, CA) and rabbit polyclonal
antibody against Bax (1:1,000 dilution; Invitrogen). Horseradish
peroxidase–conjugated donkey anti-rabbit Ig (Jackson Immuno-
Research, Baltimore, PA) was used as the secondary antibody at a
1:7,000 dilution. The band was visualized using ECL Plus (Amersham).
The membrane was also probed with mouse mAb against actin
(Chemicon).
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Cell death ELISA
This assay was performed using a Cell Death ELISA kit (Roche,
Mannheim, Germany), following the manufacturer’s instructions.
Briefly, after treatment with various concentrations of rhDKK-1 for
48 hours, cytoplasmic extracts were prepared from 2 104 ORS
keratinocytes, and DNA–histone complexes were measured by
reading optical density at 405 nm using a microplate reader.
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